We argue that because of valence-fluctuation caused dynamical changes (fluctuations) of impurity energies in the impurity band of SmB 6 , energies of electrons occupying impurity sites can be due to the uncertainty principle only estimated with corresponding uncertainty, so they can be represented by energy intervals of non-zero width. As a consequence, both occupied as well as unoccupied states can be found in the impurity band above as well as below Fermi level even in the ground state. Therefore the subsystem of localized charge carriers in the ground state of SmB 6 cannot be described by an energy distribution function expected for T = 0 K. This fundamental conclusion adds another reason for absence of resistivity divergence in SmB 6 at lowest temperatures, and sheds new light on interpretation of experimental data obtained for SmB 6 and similar systems at lowest temperatures.
SmB 6 is a prototypical mixed valence material revealing properties of a narrow-gap semiconductor down to temperatures of a few Kelvin [1] [2] [3] [4] . Paradoxically, at lowest temperatures it exhibits metallic-like conductivity, which is moreover smaller than the Mott's minimum metallic conductivity [1] [2] [3] . Such temperature non-activated electrical transport of SmB 6 at lowest temperatures cannot be attributed to any scattering scenario known for metals, because extremely high value of the residual resistivity would unconditionally require superunitary scattering with unphysical concentration of scattering centers [1] [2] [3] , at least 80 per unit cell [3] . This fundamental discrepancy between theory and experiment is a subject of long-standing controversy precluding to conclude whether ground state of SmB 6 is metallic, or insulating. In fact, according to Mott-Ioffe-Regel viewpoint conventional Boltzmann transport theory becomes meaningless if the characteristic mean free path of the itinerant conduction electrons becomes comparable to, or less than the interatomic spacing [5] [6] [7] [8] . Therefore the requirement for superunitary scattering implicates that either (i) electrical conductivity is not homogeneous in the volume, i.e. material contains metallic regions forming a conductive path along the sample that is responsible for electrical conductivity at lowest temperatures [9] [10] [11] [12] [13] or (ii) electrical transport at lowest temperatures is realized via a hopping process, which however, has to be temperature non-activated [14] .
The first mentioned approach is represented by scenarios supposing metallic surface in SmB 6 that could be either of topological nature [9] [10] [11] [12] or due to "trivial" polaritydriven surface states [13] . Several experimental observaEmail address: batkova@saske.sk (Marianna Batkova) tions indicate metallic surface transport in SmB 6 [15] [16] [17] while there exists huge research effort to prove the existence of topologically protected surface states [18] [19] [20] [21] [22] [23] [24] [25] . On the other hand, latest developments provide also evidence of trivial surface states in SmB 6 [26] . It has been also suggested that only the most stoichiometric SmB 6 samples possess a bulk gap necessary for the topological Kondo insulator state [27] . However, up to now, convincing conclusion about the nature of metallic surface states in SmB 6 is still missing.
The second mentioned approach is represented by a recently proposed model of valence-fluctuation induced hopping transport [14] . The model is based on the fact that valence fluctuations (VFs) of Sm ions are intrinsically accompanied by fluctuations of charge, ionic radii and magnetic moments of Sm ions, what unconditionally causes fluctuations of the energies of impurities in the impurity band of SmB 6 . As a consequence there are created favorable conditions for temperature non-activated hops (as in more details summarized below), resulting in temperature non-activated hopping transport [14] . The model intrinsically infers an enhanced conductivity of the surface layer because of higher concentration of lattice imperfections [14] , thus resembling a characteristic property of topological insulators [14] . In association with this it should be emphasized here that although the scenario as presented in our previous work [14] has a capability to explain properties of SmB 6 without necessity to consider Kondo topological insulator (KTI) scenario, it does not exclude a possibility of existence of topologically protected surface states in SmB 6 . In fact, both of them can coexist, thus their features can be "mixed" in SmB 6 .
The purpose of this work is to point out that besides valence-fluctuation induced hopping transport as proposed before [14] , another consequence of dynamical changes of the energies of impurities in SmB 6 due to VFs is that the energy distribution function of the charge carrier subsystem in the ground state corresponds to presence of occupied states above Fermi level and empty ones below Fermi level, thus resembling effect of thermal broadening. This implicates that temperature of charge carrier subsystem in the ground state of SmB 6 cannot be T = 0 K. For convenience of further discussion let us first recapitulate essential ideas of the original model of valencefluctuation induced hopping transport [14] . In a semiconductor with an impurity band (IB) that contains metallic ions in two different valency states, say M e 2+ and M e 3+ , energy of an impurity is affected by (re)distribution of M e 2+ and M e 3+ ions in its vicinity (because of different interaction energy between the impurity and M e 2+ /M e 3+ ion due to different charge, ionic radii, and magnetic moment) [14] . Considering a hypothetical rearrangement process (RP) causing repetitious changes in distribution of M e 2+ and M e 3+ ions on metal ion positions with a characteristic time constant, t r , this RP unconditionally causes also repetitive changes of the energies of impurities with the same characteristic time constant [14] . Therefore, the energy E i of the impurity i in the impurity band is not constant in time, but varies within the interval E i,min ≤ E i ≤ E i,max [14] . Assuming that Fermi level, E F , lies in the IB formed by one type of impurities (e.g. donors) and is characterized by a constant density of states (DOS), g(E) = g(E F ), and supposing that dynamical changes of the impurity energies are adequately characterized by a typical width of the energy interval E i,max − E i,min = ∆E i ≈ E 0 , then there must exist a subnetwork of impurities i * with energy E i * satisfying the condition [14] 
The concentration of impurities in this subnetwork is N * = Figure 1 : Schematic depiction of time evolution of the energy of donor impurities (i, j) with indicated electron hops due to rearrangements of metallic ions (a) and time-averaged partial DOS corresponding to impurities i and j (b), as introduced formerly [14] . The inset in (a) shows examples of possible redistribution of M e 2+ /M e 3+ ions and corresponding changes in occupation of donor sites. [14] . The impurities defined by the inequality (1) have a unique property: rearrangements of M e 2+ /M e 3+ ions in the vicinity of these impurities cause that some occupied impurity energy levels can shift from the region below E F to the region above E F , and analogously, some empty ones from the region above E F can shift under E F [14] . Such processes, driven by the RP create favorable conditions for electron hops (tunneling) to empty sites of lower energy, i.e. hops with zero activation energy, as depicted in Fig. 1 . It was shown [14] that probability of RP-induced hops, P * rp , at sufficiently low temperatures can be expressed as P * rp ∝ ν * rp e −2αR * , where α −1 is a localization length, and ν * rp is defined as the time-averaged probability per unit volume that for a temporarily occupied site belonging to the subnetwork defined by the inequality (1) there will appear an empty state of lower energy in the subnetwork as a consequence of the RP. Accepting the fact that valence fluctuations (VFs) represent a special case of the RP, probability of valence-fluctuation induced hop, P * vf can be expressed as
where ν * vf is defined analogously as ν * rp [14] . Direct consequence of Eq. (2) is that hopping probability exponentially increases with decrease of hop distance R * , what implicates an enhanced conductivity in the vicinity of the surface because of higher concentration of lattice imperfections which can play role of hopping centers [14] . Now let us focus on another fundamental impact of the RP. Due to the RP energy levels of impurities defined by the inequality (1) repetitively pass through the Fermi level, resulting in possible temperature non-activated electron hops, as depicted in Fig. 1 . In the simplest case, when |E j −E i | is of the order of the Debye energy or smaller, and kT is small compared to |E j − E i |, the intrinsic transition rate γ ij for an electron hopping from a site i with energy E i to an empty site j with energy E j is well approximated by the "quantum-limit" hopping formula [28] 
where k is Boltzmann constant, R ij is the distance between sites i and j, and γ 0 is some constant, which depends on the electron-phonon coupling strength, the phonon density of states, and other properties of the material, but which depends only weakly on the energies E i and E j or on R ij [28] . According to Eq. (4), the intrinsic transition rate of the electron hopping to a site of less energy decreases exponentially with increasing R ij . Because γ 0 is finite, γ ij must be also finite, so there is always non-zero time interval until an electron can hop (tunnel) to some empty site of less energy, while this time interval increases with increasing distance between sites. Therefore, if the RP is a ground state property of a material, finite γ ij implicates a non-zero probability of finding some occupied energy levels above E F in the ground state. Neglecting electron-electron interactions except that not more than one electron can occupy a single site, time averaged occupation number of site i in thermal equilibrium can be expressed in form
, what for T = 0 K unconditionally requires that all sites having energy below E F are occupied and all sites having energy above E F are empty. Therefore, if there exist some occupied sites with energy levels above E F in the ground state of a material with the RP, then the charge carrier subsystem in the ground state of this material can not be at absolute zero. Because VFs can be regarded as a special case of the RP, analogous scenario as indicated above can be expected in valence fluctuating semiconductors, too. In principle, VFs are RPs with a short characteristic time constant t r . However, according to Heisenberg relation if t r is short enough, uncertainty of energy of the electron occupying site i (∆E i ≈h/t r ) may cause situation that energy of the electron occupying site i becomes indistinguishable from the energy of empty site j, to which the electron "is going" to hop. This limit case has no essential impact on the valence-fluctuation induced hopping transport as proposed before [14] , such as hops between sites i and j with indistinguishable energies can also be treated as hops/tunneling not requiring thermal activation, however, it becomes crucial in discussion on possible effect of VFs on the energy distribution function of localized charge carriers in the ground state of valence fluctuating materials, such as SmB 6 .
The charge fluctuation rate in SmB 6 estimated from phonon spectroscopy studies [29, 30] is 200 cm −1 − 650 cm −1 , what corresponds to the characteristic time τ cf (which defines time changes of the impurity energy due to changes of the Coulomb interaction between the impurity and the surrounding Sm 2+ /Sm 3+ ions) of 5.1×10 −14 s − 1.7 ×10 −13 s. According to Heisenberg relation the uncertainty of the energy of electron occupying the impurity site can be estimated as ∆E ≈h/τ cf , what yields for SmB 6 ∆E between 4 meV and 13 meV. Because energies of the impurities fluctuating within the interval of E i,max − E i,min ≈ ∆E 0 lie in the impurity band of the width W IB that is located in the forbidden gap of the width E g , the inequality ∆E 0 ≤ W IB < E g is satisfied. The value of E g detected by many experimental techniques is between 2 and 20 meV in SmB 6 [1] [2] [3] [4] [31] [32] [33] [34] [35] [36] [37] [38] [39] , what can be an indication that the above estimated uncertainty of the energy of electron occupying an impurity site (∆E) is greater or comparable with the width of the impurity band (W IB ). Based on this we suppose that the whole interval in which the energy of impurity fluctuates (because of fluctuations of local physical parameters which affect its energy) defines at the same time the energy uncertainty of electron occupying the impurity site (as a consequence of a characteristic time of fluctuations and uncertainty principle). Taking into account this supposition we present energy diagram model of impurity sites in SmB 6 as follows. Let us associate hopping sites in SmB 6 with donortype impurity states having fluctuating energy levels lying in the impurity band of SmB 6 . Each hopping site is characterized by energy interval of the width ∆E 0 defining energy broadening/uncertainty of this site. Thus we treat the hopping center as a narrow band of the energy width ∆E 0 , and we denote it as uncertainty band of the impurity energy (UBIE). The UBIE of a site i is defined by the partial DOS, g * i (E), which is non-zero and constant within the energy interval E i,min , E i,max and zero outside it, and by a time averaged probability of the occupation of site i by an electron, p i ∈ 0, 1 , as depicted in Fig. 2a . Expressing p i using a color scale the UBIE can be depicted as done in Fig. 2b , or in the most simplified form in Fig. 2c . How the situation in the impurity band of SmB 6 in very close vicinity of the Fermi level can look like show illustrations in Fig. 3A . Here the hopping sites are represented by UBIEs crossing the Fermi level (0 < p i < 1), and the partial DOS of the individual impurity, g * i (E), is shown as a bar of corresponding dimensions and position in the energy scale (see Fig. 3A-a) . We consider that all UBIEs have identical properties except their position in energy scale, and that their distribution in the impurity band of SmB 6 is uniform. Thus, the total DOS, g * (E), being a sum of all partial DOS of individual impurity states, g * i (E), is constant (see Fig. 3A-b) . The time averaged probability of the occupation of site i by an electron, p i , we define as the average value of the function f 0 (E i , T ) = 1/ {1 + exp[(E i − E F )/kT ]} over the energy interval E i,min , E i,max . At such conditions, p i = 1/2 for the UBIE centered at the Fermi level and decreases/increases at increasing/decreasing E i,min (and E i,max ). The time averaged probability of occupation of the state at energy E in the impurity band, f * (E), can be determined as average value of p i of all UBIEs with non-zero g * i (E). The behavior of f * (E), qualitatively depicted in Fig. 3A -c (and also visualized by color representation in Fig. 3A-b) is a continuous function of energy in a close vicinity of the Fermi level, having a finite slope ∂f * (E)/∂E at the Fermi level. This "energy broaden-ing" of f * (E) having its origin in VFs cannot be less than broadening/uncertainty introduced by VFs (expressed by the width of UBIEs, ∆E 0 ). An important point is that energy broadening induced by VFs will take place in SmB 6 also in the case if no thermal broadening can be expected This is a fundamental difference in comparison to a classic semiconductor at T = 0 K (see Fig. 3B ), where all impurity energy levels below the Fermi level are occupied and all ones above the Fermi level are empty (as depicted in Fig. 3B-a and Fig. 3B-b) , so the energy distribution function, f (E), is a step function (as depicted in Fig. 3B-c) .
Now let us consider an imaginary experiment. Let SmB 6 sample is in ideal thermal contact with a thermal reservoir at absolute zero, so the charge carrier subsystem of SmB 6 has to be in the ground state. Supposing presence of VFs in the ground state of SmB 6 , the charge carrier subsystem in the ground state of SmB 6 will be characterized by monotonic and continuous function of energy f * (E) in a close vicinity of the Fermi level, like shown in Fig. 3A -c. If energy distribution function of the charge carrier subsystem (being in thermal equilibrium, and in absence of electrical field) can be approximated by Fermi-Dirac distribution function, f 0 (E, T ) = 1/ {1 + exp[(E − E F )/kT ]} at lowest temperatures, then the energy distribution function of charge carriers in the ground state of SmB 6 can be approximated by f
where T CGS represents the temperature of the charge carrier subsystem in the ground state. Essential point is that T CGS has to be non-zero, such as zero value of T CGS would require that f * (E) is a step function, what as follows from the discussion above cannot be the case in SmB 6 . It can be therefore concluded that temperature of charge carrier subsystem in the ground state of SmB 6 cannot be zero, thus neither the electrical conductivity of SmB 6 in the ground state can be zero, such as zero electrical conductivity is the property of a semiconductor with hopping conduction only at T = 0 K. Consequently, although the SmB 6 sample is in ideal thermal contact with a thermal reservoir, which is at temperature T << T CGS , physical properties of SmB 6 that are governed by energy distribution function of charge carrier subsystem will reveal only negligible dependence on the temperature of the thermal reservoir, while a "crossover" to this regime will be observed at temperatures of thermal reservoir comparable with T CGS . With regard to the discussion in the paragraph above it is worthy to mention that detailed resistivity studies of SmB 6 down to 15 mK reported by Kasuya and coworkers [2] have shown that the best fit of their experimental data down to 100 mK is represented by the formula
, while the resistivity is nearly constant below 100 mK. Surprisingly, such fit corresponds to Arrhenius-type activation process with "shift" in temperature scale by 4,87 K. If we associate this temperature shift with the non-zero temperature of charge carriers in the ground state of SmB 6 , T CGS = 4, 87 K, Kasuya's result can be interpreted by means that at cooling SmB 6 sample, when temperature of the cooling system (thermal reservoir) approaches absolute zero the sample conductivity approaches the value expected for Arrhenius-type activation process at temperature of charge carriers of 4, 87 K. In addition, such estimated T CGS yields surprisingly good correspondence with the fact that plateau in the dc resistivity temperature dependence of SmB 6 samples of various qualities is observed below 5 K [1-4, 15-17, 23, 25, 31, 36, 38] .
In association with impact of VFs on the ground state properties of charge carrier subsystem in SmB 6 it should be also emphasized that valence fluctuations of Sm ions are associated with fluctuations of their ionic radii, consequently causing corresponding lattice vibrations. In a "classic" crystal lattice at absolute zero there are no phonons [40] , so here arises a question about energy distribution function of phonons, which assist to VFs in the ground state of SmB 6 . A non-zero thermal coupling between the lattice and charge carrier subsystem having a non-zero temperature in the ground state implicates a non-zero ground state temperature of the phonon subsystem, too. However, discussion of this issue is beyond the scope of this paper.
It can be concluded that discussed effect of valence fluctuations on the energy distribution function of localized charge carriers yields alternative explanation for the resistivity saturation in SmB 6 at lowest temperatures, while one does not exclude possibility of existence of metallic surface states in this material (e.g. topologically protected [9] [10] [11] [12] or polarity-driven "trivial" surface states [13] ). Moreover, this effect allows us to explain also the ground state properties of nonstoichiometric SmB 6 samples. It would be worthy to emphasize here that it was recently suggested that the presence of even 1 % of Sm vacancies leads to a smearing of the bulk hybridization gap in SmB 6 samples and would result in a breakdown of the KTI state [27] . Thus, only the most stoichiometric SmB 6 samples possess a bulk gap necessary for the topological Kondo insulator state [27] . However, recent electrical resistivity studies of vacant samples Sm 1−x B 6 , for x ranging from 0.03 to 0.2, reveal resistivity saturation at lowest temperatures similar to the stoichiometric SmB 6 [41, 42] . Because concentration of Sm vacancies in these samples substantially exceeds level of 1 %, topologically protected surface states should not be present there, what indicates a need for an alternative scenario to KTI allowing to explain the resistivity saturation in such nonstoichiometric SmB 6 samples.
In fact, here discussed effect of valence fluctuations on the ground state properties of SmB 6 brings new light into the problem, and can help to resolve the puzzle, indicating following possibilities of realization of the ground state in SmB 6 : (i) Considering "ideal quality" SmB 6 single crystals without an impurity band or highest quality single crystals with very small impurity band and Fermi level not lying in the impurity band, the bulk should be insulating in the ground state (as there are no impurity states fluctuating around Fermi level, hich could be responsible for the phenomena discussed in this paper). However, because there are still present lattice imperfections in the near-surface region (or at least unterminated Smand B-bonds on the surface) causing increase of density of states in the impurity band, Fermi level in the nearsurface region is supposed to lie in the impurity band, thus the ground state energy distribution function of localized charge carriers in the near-surface region reveals energy "broadening", resembling effect of thermal broadening at non-zero temperature. This infers that near-surface region of highest-quality SmB 6 samples is electrically conductive in the ground state. If, in addition, topologically protected surface states or/and polarity-driven "trivial" surface states are formed there, the (electrically conductive) near-surface region in the ground state of SmB 6 contains also a metallic region/surface. On the other hand, (ii) in "real world" high-quality SmB 6 single crystals with low concentration of lattice imperfections, the impurity band containing Fermi level is present in accordance with experimental observations. Thus, the energy distribution function of localized charge carriers in the near-surface region, as well as in the bulk, reveals energy "broadening" in the ground state. This infers that the near-surface region, as well as bulk of the material, is electrically conductive in the ground state. If, moreover, topologically protected surface states or/and polarity-driven "trivial" surface states are formed there, the near-surface region of such "real world" high-quality SmB 6 crystals contain also a metallic (sub)region. Finally, (iii) in SmB 6 with reasonably high concentration of lattice imperfections, the impurity band containing Fermi level with correspondingly higher DOS can be supposed to be present. Thus, the ground state energy distribution function of localized charge carriers in the near-surface region, as well as in the bulk, reveals energy "broadening", analogously as in the previous case. Therefore, the near-surface region, as well as the bulk of the material is expected to be electrically conductive in the ground state, while conductivity in the near-surface region is enhanced. Deviation from the stoichiometry can cause that topologically protected surface states are not formed, what however still does not exclude possible presence of metallic surface states, e.g. polarity-driven "trivial" ones. If metallic surface states do not exist there, the near-surface region will just reveal enhanced conductivity, as it follows from the scenario of valence-fluctuation induced hopping transport [14] .
Finally, we would like to emphasize that similar effects as described here for SmB 6 we expect also in other related materials with valence-fluctuating ground state, e.g. YbB 12 . According to our opinion, the absence of resistivity divergence at lowest temperatures is a fingerprint of this class of materials, being at the same time a proof of valence fluctuating ground state. We believe that here proposed scenario not only represents a base for understanding the underlying physics in valence fluctuating semiconducting compounds at temperatures close to absolute zero, but it also indicates a necessity to consider similar phenomena in many other materials with "dynamical ground state", especially those obeying physical properties which can not be adequately understood presumably supposing the ground state being at absolute zero.
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